Several transmissible Burkholderia cenocepacia strains that infect multiple cystic fibrosis patients contain a genomic island designated as the cenocepacia island (cci). The cci contains a predicted N-acylhomoserine lactone (AHL) synthase gene, cciI, and a predicted response regulator gene, cciR. AHL production profiles indicated that CciI catalyzes the synthesis of N-hexanoyl-L-homoserine lactone and minor amounts of Noctanoyl-L-homoserine lactone. The cciI and cciR genes were found to be cotranscribed by reverse transcription-PCR analysis, and the expression of a cciIR::luxCDABE fusion in a cciR mutant suggested that the cciIR system negatively regulates its own expression. B. cenocepacia strains also have a cepIR quorum-sensing system. Expression of cepI::luxCDABE or cepR::luxCDABE fusions in a cciR mutant showed that CciR negatively regulates cepI but does not regulate cepR. Expression of the cciIR::luxCDABE fusion in a cepR mutant indicated that functional CepR is required for cciIR expression. Phylogenetic analysis suggested that the cciIR system was acquired by horizontal gene transfer from a distantly related organism and subsequently incorporated into the ancestral cepIR regulatory network. Mutations in cciI, cciR, cepI cciI, and cepR cciR were constructed in B. cenocepacia K56-2. The cciI mutant had greater protease activity and less swarming motility than the parent strain. The cciR mutant had less protease activity than the parent strain. The phenotypes of the cepI cciI and cepR cciR mutants were similar to cepI or cepR mutants, with less protease activity and swarming motility than the parent strain.
Over the past 20 years a group of closely related Burkholderia species termed the B. cepacia complex (Bcc) have emerged as opportunistic pathogens of particular importance in people with cystic fibrosis (CF) and chronic granulomatous disease (31, 33) . Bcc infections are a major concern in CF because some of the Bcc strains have high patient-to-patient transmissibility, multidrug resistance, and the potential to cause inflammation and fatal invasive disease (47) . Bcc bacteremia has been documented in CF and non-CF patients (59) . The Bcc is currently comprised of nine species, each of which has been isolated from CF patients; however, they vary in their frequency of colonization, transmissibility, and geographic distribution. B. cenocepacia is the most commonly reported Bcc species isolated from patients with CF (26, 48) . The majority of transmissible or epidemic Bcc strains are B. cenocepacia (26, 31, 48, 59) , and epidemiological studies have shown this species is highly virulent, causing significant mortality among CF patients (28, 30) .
N-Acylhomoserine lactone (AHL)-mediated quorum-sensing systems are comprised of a luxI homologue that encodes an AHL synthase that catalyzes the synthesis of AHL signal molecule(s) and a luxR homologue that encodes a sensor/response regulator, which binds its cognate AHL and alters gene expression at the level of transcription. Some organisms have multiple AHL quorum-sensing systems which may be integrated with each other as well as with other bacterial control circuitry (13) . For example, Pseudomonas aeruginosa possesses two quorum-sensing systems, lasIR and rhlIR. These two systems are responsible for the regulation of a large number of genes, including many that play a role in virulence (39, 56) . LasR and RhlR regulate some genes in a hierarchical manner (34) .
The cepIR AHL-mediated quorum-sensing system is widely distributed among Bcc strains (15, 27) . CepI directs the synthesis of N-octanoyl-L-homoserine lactone (OHL) and of Nhexanoyl-L-homoserine lactone (HHL) (23, 24) . Recent proteomic and transcriptional analysis studies have indicated that the cepIR system is involved in the regulation of numerous target genes (2, 36) . In B. cenocepacia CepR positively regulates cepI and negatively controls its own expression (24) . The cepIR quorum-sensing system in B. cenocepacia is involved in the regulation of swarming motility, mature biofilm development, chitinase production, extracellular protease production, and the biosynthesis of the siderophore ornibactin (18, (23) (24) (25) . Transcriptional analysis was used to demonstrate that a zinc metalloprotease gene, zmpA, is positively regulated by cepIR (46) and that the cepIR system is involved in the negative regulation of the ornibactin biosynthesis gene, pvdA (24) . Ornibactin is a hydroxamate siderophore which has been shown to play a role in virulence in both chronic and acute models of respiratory infection (44) . The cepIR quorum-sensing system positively regulates swarming motility in B. cenocepacia, possibly by controlling biosurfactant production (18, 25) .
Animal, nematode, and plant infection models have shown that the cepIR quorum-sensing system contributes to virulence in B. cenocepacia and B. cepacia (1, 20, 46) . Using a rat chronic respiratory infection model, Sokol et al. (46) demonstrated that infections with cepIR mutants caused significantly less lung histopathological changes despite similar lung bacterial counts compared to the wild type. A cepI mutant was less virulent in both wild-type and Cftr Ϫ/Ϫ mice. The cepI mutant was recovered from the lungs in significantly lower numbers than the parent strain and was not invasive in the Cftr Ϫ/Ϫ mice (46) . The cepIR system has also been shown to be required for efficient killing of Caenorhabditis elegans by B. cenocepacia H111 (20) . A B. cepacia cepI mutant was attenuated in its ability to macerate onion tissue (1) . Thus, a role for the cepIR system in the regulation of Bcc virulence traits in a wide range of infection models has been established.
A novel set of luxIR homologues was identified during characterization of the genomic region surrounding the Burkholderia cepacia epidemic strain marker (BCESM) (4). The BCESM was originally identified as a 1.4-kb DNA fragment amplified from transmissible Bcc strains during random amplified polymorphic DNA typing (29) , and the marker has been widely applied in infection control as an indicator of clinical risk (28, 30, 48) . Baldwin et al. (4) recently demonstrated that the BCESM was a part of a 31.7-kb low-GC content genomic island termed the cenocepacia island (cci), which contained 37 open reading frames involved in both virulence and metabolism. The luxIR homologues identified within the island and, therefore, associated with epidemic strains of B. cenocepacia were designated cciIR. A cciI mutant was shown to have attenuated virulence in a rat chronic respiratory infection model (4) . The objectives of the current study were to determine if cciIR is a functional quorum-sensing system, if it is involved in the regulation of virulence-associated phenotypes, and if a regulatory hierarchy exists between the cepIR and cciIR quorum-sensing systems in epidemic strains of B. cenocepacia.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . For genetic manipulations, including RNA isolation, cultures were routinely grown at 37°C in Luria broth (Invitrogen, Burlington, Ontario, Canada) with shaking (200 rpm) or on 1.5% LB agar plates. When appropriate, the following concentrations of antibiotics were used: 100 g/ml of trimethoprim (Tp) and 200 g/ml of tetracycline (Tc) for B. cenocepacia and 1.5 mg/ml Tp, 15 g/ml of Tc, and 50 g/ml of kanamycin (Km) for Escherichia coli. Antibiotics were purchased from Sigma-Aldrich Canada Ltd. (Oakville, Ontario, Canada). For protease, ␤-galactosidase, and luminescence assays, cultures were grown in 0.25% Trypticase soy broth (TSB; Difco, Franklin Lakes, NJ) with 5% Bacto-Peptone (Difco) (PTSB) at 37°C. For chrome azurol S (CAS) assays, cultures were grown at 32°C in succinate medium supplemented with ornithine (10 mM) (32) . For examination of swarming motility, cultures were grown in nutrient broth (Difco) supplemented with 0.5% glucose. For AHL extractions, cultures were grown in 100% TSB at 37°C.
DNA manipulations. DNA manipulations were performed using standard techniques as described by Sambrook et al. (38) . Genomic DNA was isolated as described by Ausubel et al. (3) . Restriction endonucleases and T4 DNA polymerase were purchased from Invitrogen. T4 DNA ligase was purchased from New England Biolabs (Mississauga, Ontario, Canada). Oligonucleotide primers were purchased from Invitrogen or from University of Calgary Core DNA and Protein Services (Calgary, Alberta, Canada). Plasmids were introduced into B. cenocepacia by electroporation using a Gene Pulser (Bio-Rad, Richmond, CA) as previously described (8) . Nucleotide sequencing was performed by Macrogen Inc. (Seoul, Korea) or by University of Calgary Core DNA and Protein Services.
The nucleotide sequence for the cciIR locus was obtained from the B. cenocepacia sequencing project (http://www.sanger.ac.uk/Projects/B_cenocepacia/).
Cloning of cciI. The cciI gene was PCR amplified from K56-2 using the oligonucleotide primers CCIF (5Ј-GCCTCATTGTGCACTCGTG-3Ј) and CCIR (5Ј-GGTGGCACTGACATCGAAAG-3Ј), and the 850-bp PCR fragment was cloned into pCR2.1Topo (Invitrogen). The nucleotide sequence was determined to confirm the absence of PCR errors. The resulting cciI clone was designated pRM1T4.
Construction of cciR, cepI cciI, and cepR cciR mutants by allelic exchange. The 2.0-kb fragment containing the cciR gene and flanking region was amplified from K56-2 using the oligonucleotide primers CCRBam (5Ј-CATCGCGGATCCCG CCAT-3Ј) with a BamHI site (underlined) and CCRHin (5Ј-ATGTGCTAAGC TTGATCGACC-3Ј) with a HindIII site and cloned into the BamHI/HindIII sites of pEX18Tc (17) . The cciR gene was disrupted by incorporation of the Tp cassette from p34E-Tp (10) into the MluI site of cciR, resulting in pRM186Tp. The vector was transferred into K56-2 using pRK2013 as the mobilizing plasmid (12) . Transconjugants were plated onto Pseudomonas isolation agar (Difco) containing Tp to select for single-crossover events. The cciR::Tp mutant (K56-2cciR) was identified by screening for Tc sensitivity.
To construct an unmarked ⌬cciI ⌬cciR mutant, a 4.3-kb DNA fragment containing cciIR was shotgun cloned from XhoI fragments separated by sucrose gradient fractionation. The fraction containing the cciIR fragment was identified by Southern hybridization with a 449-bp cciR probe and a 450-bp cciI probe and cloned into the XhoI site of pCR2.1Topo (Invitrogen). The cciI and cciR probes were PCR amplified using the oligonucleotide primers INcciIF (5Ј-CATCTTC GCTGGCAGTTTCG-3Ј) with INcciIR (5Ј-AACGCTGGTAAAGCCGTGC-3Ј) and INcciRF (5Ј-TTACGCGCAACGAGACTACG-3Ј) with INcciRR (5Ј-A TCTTCATCGCTTCGGCG-3Ј), respectively. Positive clones were identified using colony hybridization assays (60) . The 4.3-kb cciIR fragment was cloned into pEX18Tc, and cciR was disrupted by deleting a 637-bp NcoI-to-MluI fragment, resulting in pRM187-KO. This deletion removed the 5Ј end of cciR and the cciIR promoter region. Allelic exchange was conducted as described above, resulting in a ⌬cciI ⌬cciR double mutant (K56-2cciIR). A cepR::Tp ⌬cciI ⌬cciR mutant (K56-2cepR cciIR) was constructed in K56-2cciIR with pEXCEPR (24) . A ⌬cepI cciI::Tp mutant (K56-2cepI cciI) was constructed in K56-dI2 by using pCciI-Tp (4). K56-dI2 is a cepI allelic exchange mutant with a 290-bp NruI fragment deletion in cepI (C. E. Chambers, P. Law, M. B.Visser, E. I. Lutter, and P. A. Sokol, Abstr. 2nd ASM Conf. Cell-Cell Commun. Bacteria, abstr. 119B, 2004). Two independent ⌬cepI cciI::Tp mutants, designated K56-2cepI cciIa and K56-2cepI cciIb, were isolated. K56-2cepI cciIa appeared to have a spontaneous mutation that affected ornibactin biosynthesis. Allelic exchange was confirmed in all mutants by PCR and Southern hybridization.
AHL extraction and TLC-AHL bioassays. AHLs were extracted from culture supernatants twice with equal volumes of acidified ethyl acetate as described elsewhere (24) . Thin-layer chromatogrpahy (TLC)-AHL bioassays were performed as described previously using Agrobacterium tumefaciens A136 (pCF218) (pCF372) as a reporter strain (24) . This reporter strain is able to identify AHLs with 3-oxo-, 3-hydroxy-, and 3-unsubsituted side chains ranging from 6 to 16 carbons in length (42) . Synthetic HHL and OHL (Sigma-Aldrich) were used as reference standards.
Construction of luxCDABE transcriptional fusions. A cepR::luxCDABE transcriptional fusion, pRM432, was constructed by amplifying the cepR promoter region as described by Lewenza et al. (24) by PCR with the oligonucleotide primers CPRxho (5Ј-GTTCCGGCTCGAGCGGCG-3Ј) and CPRbam (5Ј-CAT GAAGCGGATCCTCAGCG-3Ј). These primers were designed with incorporated XhoI and BamHI sites, respectively. The 1.8-kb cepR promoter fragment was subsequently cloned into the XhoI/BamHI cloning site of pMS402 (11) . The cepI::luxCDABE transcriptional fusion, pCP300, contains a 300-bp fragment containing the cepI promoter region (Chambers et al., Abstr. 2nd ASM Conf. Cell-Cell Commun. Bacteria, 2004). The promoter regions for cciI and cciR were predicted in silico using SoftBerry BPROM (http://www.softberry.com). For construction of the cciI and cciR promoter fusions, a 391-bp SalI/SacII fragment and an 813-bp ClaI fragment from pRM4.3 containing the respective predicted promoter regions were subcloned into the EcoRV site of pCR2.1Topo (Invitrogen). A XhoI/BamHI fragment containing the cciI or cciR promoter region was subsequently cloned into pMS402 (11) and designated pRM446 or pRM445, respectively.
Luminescence assays. Overnight cultures were subcultured to an initial absorbance at 600 nm of 0.02 in 20 ml medium. At selected times, 200-l aliquots were removed and the luminescence in counts per second (cps) and turbidity at an absorbance of 600 nm were measured using a Wallac Victor 2 Multi-label counter (Perkin-Elmer Life Sciences, Woodbridge, Ontario, Canada). The samples were read in black, clear-bottom 96-well microtiter plates (Corning Inc., Corning, NY). The level of promoter expression is reported as the ratio of luminescence to turbidity or relative luminescence.
RT-PCR. Overnight K56-2 cultures were subcultured into 20 ml medium at an initial optical density at 600 nm (OD 600 ) of 0.02 and grown for 10 h. Total RNA was isolated from approximately 1 ϫ 10 9 cells with a QIAGEN RNeasy mini kit (QIAGEN, Mississauga, Ontario, Canada). RNA was treated with amplificationgrade DNase I (Invitrogen) before use. Reverse transcription-PCR (RT-PCR) was performed using a Titan One-tube RT-PCR kit (Roche, Mannheim, Germany) according to the manufacturer's instructions. For each reaction mixture, 75 ng of RNA was used. cDNA was synthesized by reverse transcription at 50°C for 40 min. Denaturation was performed for 2 min at 96°C followed by 35 cycles of PCR as suggested by the manufacturer. A final elongation step at 68°C for 7 min was conducted. The primers and annealing temperatures used were as follows: cciI (64°C), cciIRTF (5Ј-TCGCGGTCGTACGATTCAC-3Ј) and cci-IRTR (5Ј-TTGCACCGATCAGGTAGGC-3Ј); cciR (58°C), cciRRTF (5Ј-ACG CGAGGCACTCTTGTTG-3Ј) and cciRRTR (5Ј-GCCGACATCAGAGGCTT GAA-3Ј); cciIR intergenic region (58°C), irBRRTF (5Ј-ATTGATCCCATTCG GTCAGG-3Ј) and irBRRTR (5Ј-CGCCTCCATTGTTGGCATA-3Ј). To ensure that there was no DNA contamination in the RNA samples, Platinum Taq polymerase (Invitrogen) was used instead of the reverse transcriptase enzyme mixture under the same reaction conditions. Phylogenetic analysis of quorum-sensing systems. The AHL synthase and response regulator protein sequences from B. cenocepacia strain K56-2 (CepI, CciI, CepR, and CciR) were used to search the protein databases with the PHI-BLAST search tool at NCBI (http://www.ncbi.nlm.nih.gov/BLAST/). The 100 matches with greatest identity were collected for each synthase and response regulator protein. These were combined with the recently described quorumsensing genes in B. pseudomallei (51) (obtained from the Sanger Institute [http: //www.sanger.ac.uk/Projects/B_pseudomallei/]) and subjected to phylogenetic analysis as follows. Multiple amino acid alignments were constructed using CLUSTAL W (50), and phylogenetic trees were drawn using genetic distancebased neighbor-joining algorithms within Treecon for Windows version 1.3 (55) . The following parameters were used for each tree: sequence input order was randomized, the Poisson correction algorithm was applied, 1,000 data sets were examined by bootstrapping resampling statistics, and each tree was rooted with the appropriate synthase or response regulator sequence originally described in Vibrio fischeri. Sequences representative of each major phylogenetic cluster were then selected for final analysis. Corresponding synthase and response regulator protein sequences for each individual quorum-sensing system were concatenated, and their combined sequences were used to construct a final phylogenetic tree as described above.
␤-Galactosidase assays. ␤-Galactosidase activity was measured as previously described (35) . Overnight cultures were subcultured to an initial absorbance at 600 nm of 0.02 in 20 ml of PTSB. Throughout the time course, 1-ml aliquots were removed and assayed for ␤-galactosidase activity, and this activity was expressed as Miller units (35) .
Siderophore, protease, and swarming motility assays. Siderophore activities present in the culture supernatant fluid were measured by CAS assays (23) . Overnight cultures were subcultured (1/100) into fresh medium. The cultures were grown for 40 h at 32°C, and CAS assays were performed on 100 l of supernatant fluid. The absorbance at 630 nm was measured and divided by the culture turbidity (absorbance at 600 nm) to normalize for cell density, and this ratio was reported as CAS activity (41) .
Protease activity was determined using skim milk as a substrate. Overnight cultures were grown and subcultured (1/100) into fresh medium. At the mid-log phase of growth, the cultures were normalized to an optical density of 0.3 at 600 nm and spot inoculated (3 l) in triplicate onto dialyzed 1.5% brain heart infusion agar (Difco) containing 1.5% skim milk (45) . The plates were incubated at 37°C for 24 h, and the zone of clearing around the growth was measured. For AHL add-back assays, 2.5 nM and 10.0 nM concentrations of synthetic HHL and 2.5 nM of synthetic OHL dissolved in 20% acetonitrile were spread on the agar prior to spot inoculation.
Swarming motility was evaluated using semisolid agar (0.5%) motility assays as previously described (25) . Briefly, overnight cultures were normalized, and a 1-l was spot inoculated in the center of the nutrient broth (Difco), 0.5% glucose, and 0.5% agar surface. The plates were incubated at 37°C for 24 or 48 h, and the diameter of the swarming zone was measured.
RESULTS
Characterization of AHL production by CciI. K56-2 has previously been reported to produce OHL and HHL. K56-I2 (cepI) produces small amounts of HHL but no detectable OHL (24) . To determine if cciI encodes an AHL synthase that is responsible for the production of HHL in K56-I2 (cepI), the cciI gene was cloned and expressed in E. coli DH5␣. The AHLs present in the culture supernatant of E. coli DH5␣(pRM1T4), which contains cciI, were analyzed using the A. tumefaciens TLC-AHL bioassay. E. coli DH5␣ containing cciI produced AHLs that comigrated with synthetic HHL (Fig. 1A ). An AHL that comigrated with synthetic OHL was weakly detectable only after the plate was allowed to develop for more than 72 h. E. coli DH5␣(pSLS225), which contains cepI, produced AHLs that comigrated on the TLC plate with both HHL and OHL (Fig. 1A) .
To confirm that cciI directs the synthesis of HHL and minor amounts of OHL, extracts of K56-2cciI and K56-2cepI cciIa were analyzed using the A. tumefaciens TLC-AHL bioassay. K56-2cciI produced slightly less HHL than the parent strain. HHL production was restored to parental levels when cciI was present in trans (Fig. 1B) . There were no detectable AHLs in extracts from K56-2cepI cciIa, indicating that cepI and cciI are collectively responsible for AHL synthesis in K56-2 (Fig. 1C) . HHL or OHL production was restored in K56-2cepI cciIa by complementation with cepI or cciI, confirming the results obtained by heterologous expression in E. coli (Fig. 1A) . K56-R2 (cepR) has previously been shown to produce small amounts of HHL (24) . The K56-2cciR and the K56-2cciIR AHL production profiles were similar to K56-2 ( Fig. 1D) , indicating that cciR is not required for AHL production. K56-2cepR cciIR produced very small amounts of HHL and OHL that were weakly detectable only when the plate was overdeveloped (Fig.  2D) , confirming that cepR is required for optimum production of both HHL and OHL. Transcriptional analysis of cciIR. Transcriptional analysis of cciIR was performed to determine if these genes regulate their own transcription. The promoter regions of cciI and cciR were predicted in silico, and cciI::luxCDABE and cciR::luxCDABE transcriptional fusions were constructed based on these predictions (Fig. 2B) . The expression of cciI::luxCDABE (pRM446) and cciR::luxCDABE (pRM445) was compared in K56-2 (data not shown), and expression was only observed for the cciR::luxCDABE transcriptional fusion, pRM445. Additional cciI transcriptional fusion constructs were made by cloning various lengths of the region upstream of cciI in front of the promoterless luxCDABE operon. None of these constructs resulted in the expression of the luxCDABE operon (data not shown).
RT-PCR was used to determine if cciI and cciR are cotranscribed. Three primer sets were designed to internally amplify cciI, cciR, and the intergenic region between cciR and cciI (Fig.  2C) . A product was amplified for each gene as well as the intergenic region, indicating that cciI and cciR are on the same transcript (Fig. 2D) . Therefore, cciI is transcribed from a promoter located upstream of cciR.
The expression of cciIR::luxCDABE was compared in K56-2 and K56-2cciIR over a 24-h time course. The expression of cciIR::luxCDABE was significantly greater in K56-2cciIR than in K56-2 from 12 to 16 h (P Ͻ 0.05, analysis of variance [ANOVA]). The twofold increase in expression indicates that the cciIR system negatively regulates its own expression (Fig.  3A) .
Regulatory relationship between cciIR and cepIR quorumsensing systems. To determine if there is a regulatory relationship between the cepIR and the cciIR genes, expression levels of the cepI::luxCDABE(pCP300) and cepR::luxCDABE(pRM432) transcriptional fusions were compared in K56-2 and K56-2cciIR. There was a significant increase in cepI::luxCDABE expression in K56-2cciIR compared to K56-2 (P Ͻ 0.02; t test), indicating that cciIR is involved in the negative regulation of cepI (Fig. 3B) . The expression of cepR::luxCDABE in K56-2cciIR was the same as K56-2, demonstrating that cciIR does not regulate cepR expression (Fig. 3C) . Expression of cciIR:: luxCDABE (pRM445) was compared in K56-2 and K56-R2 (cepR) (Fig. 3A) . The expression of cciIR::luxCDABE was reduced to almost background levels in K56-R2 (cepR), indicating that cepR is required for cciIR expression.
Evolutionary analysis of B. cepacia complex quorum-sensing systems. Phylogenetic analysis of the CepIR and CciIR systems of B. cenocepacia was carried out to determine if the evolutionary origins of each system could be traced. Construction of separate trees for synthase or response regulator proteins demonstrated that there was significant congruence in the phylogeny of proteins belonging to a single quorum-sensing system (data not shown). The overlapping tree topology of AHL synthase and response regulator proteins showed that coevolution occurs for each given system and that phylogenetic relationships between strains could be inferred from the analysis. Therefore, corresponding synthase and response regulator protein sequences were concatenated and analyzed to produce a tree consisting of 28 systems that was representative of the phylogenetic diversity observed during analysis of the 100 most closely related sequences (Fig. 4) . The B. cenocepacia CepIR proteins clustered closely with other B. cepacia complex and B. pseudomallei group quorum-sensing systems, indicating that this type of quorum-sensing system may be ancestral to the Burkholderia genus. From an evolutionary perspective, the pathogenicity island system CciIR was highly distinct from CepIR, and phylogenetic analysis did not specifically locate its potential origin to bacterial sequences currently available in the genetic databases (Fig. 4) . CciIR was most closely related to one of two novel systems present in the draft genome of B. xenovorans strain LB400; neither of the B. xenovorans quorumsensing systems was associated with a genomic island (data not shown). One of the multiple systems in B. pseudomallei, BpmIR3 (51) also clustered on the same evolutionary arm as CciIR. The B. vietnamiensis BviIR quorum-sensing system (27) was distantly related to CepIR, CciIR, and all other Burkholderia genus quorum-sensing systems. This phenomenon of two evolutionary distinct quorum-sensing systems being present in a single strain was also observed for other genera, such as P. aeruginosa (RhlIR and LasIR) (Fig. 4) .
Characterization of cciI and cciR mutants. Previously, cepI and cepR mutants were shown to be protease deficient (23) . To evaluate the effect of mutations in the cciI and cciR quorumsensing genes on the protease activity of K56-2, skim milk assays were performed ( Table 2 ). K56-2cciI produced significantly greater protease activity than the parent strain (P Ͻ 0.01). This phenotype is opposite to that observed for K56-I2 (cepI) and K56-2cepI cciIa, which do not produce detectable protease activity. K56-2cciR produces less protease activity than the wild type but more protease activity than K56-R2 (cepR) or K56-2cepR cciIR.
The cepIR system was previously shown to positively regulate the expression of the zinc metalloprotease gene zmpA (46) . To determine if zmpA is also regulated by the cciIR system, the expression of a zmpA::lacZ transcriptional fusion was examined in K56-2, K56-I2 (cepI), K56-2cciI, and K56-2cciR (Fig. 5) . The expression of zmpA::lacZ in K56-2cciR was significantly less than in the parent strain in stationary phase at 24 and 32 h, and the expression of zmpA::lacZ in K56-2cciI was significantly less than in the parent strain during the entire growth curve (P Ͻ 0.01; ANOVA). The respective twofold and fivefold differences in zmpA expression indicate that the cciIR system is involved in the positive regulation of zmpA.
The abilities of the cciI gene to complement a mutation in cepI and of the cepI gene to complement a mutation in cciI were investigated with respect to protease activity. Plasmids containing cciI or cepI were introduced into the heterologous AHL synthase mutant, and the protease activity of each strain was determined on skim milk agar ( Table 3) . Introduction of cciI into K56-I2 (cepI) or cepI into K56-2cciI did not restore protease activity to parental levels. Plasmids containing either cciI or cepI were introduced into K56-2cepI cciIa. The protease activity of the mutant was restored when a plasmid containing cepI was introduced, but not upon the introduction of a plasmid containing cciI. These experiments indicate that cepI is unable to compensate for the mutation in cciI, and cciI is unable to compensate for the mutation in cepI. Complemen- 
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B. CENOCEPACIA cciIR QUORUM SENSING 4987 tation of K56-I2 (cepI) or K56-2cciI with cepI or cciI in trans, respectively, restored protease activity to the parental phenotype. The effects of exogenous HHL and OHL concentrations on the protease activities of K56-I2 (cepI), K56-2cciI, and K56-2cepI cciIa were examined by adding 2.5 to 10.0 nM synthetic HHL or 2.5 nM synthetic OHL to the skim milk agar prior to inoculation. The protease zones of K56-I2 (cepI) and K56-2cepI cciIa were restored to wild-type size when 2.5 nM OHL   FIG. 4 . Phylogenetic analysis of the B. cenocepacia cepIR and cciIR quorum-sensing systems. A phylogenetic tree of concatenated AHL synthase and receptor protein sequences related to the B. cenocepacia quorum-sensing systems is shown. The tree was rooted with the Vibrio fischeri system, and the published names of each system followed by the bacterial species are given. The B. cenocepacia sequences are shaded. For sequences drawn from recently completed genomes, the protein sequence accession number for the corresponding AHL synthase is shown in brackets. Bootstrap values greater than 70% and genetic distance as a percentage are shown.
FIG. 5. Effect of cepI cciI
and cciR on zmpA expression in K56-2. ␤-Galactosidase activity was monitored throughout growth in PTSB and is reported in Miller units. ■, K56-2(pSG208); OE, K56-2cciR (pSG206); F, K56-2cciI(pSG206); ϫ, K56-I2 (cepI)(pSG206). Values shown are the means Ϯ SD of triplicate cultures. The difference in zmpA expression between K56-2 and K56-2cciR is significantly different at time points 3 h to 12 h and 24 h to 32 h, the difference between K56-2 and K56-2cciI or K56-I2 (cepI) was significantly different at all time points between 3 h and 32 h, and the difference between K56-2cciI and K56-I2 (cepI) was significantly different at 32 h (P Ͻ 0.01, ANOVA). a Values are the average zone of clearing Ϯ SD for six replicates. The data shown are representative of two independent experiments. All of the mutants had significantly different protease activity than K56-2 (ANOVA, P Ͻ 0.01).
b Values are the average swarming zone Ϯ SD at 24 h of three replicates and are representative of three independent experiments. All of the mutants, except for K56-2cciR, had significantly smaller swarming zones than the parent strain, K56-2 (ANOVA, P Ͻ 0.01).
was added to the agar. Restoration of the protease zones in K56-I2 (cepI) was also observed when 2.5 nM HHL was added to the agar; however, K56-2cepI cciIa required more HHL to restore the protease zones to wild-type levels ( Table 4) . The protease zone size of K56-2cciI was reduced to parental levels when 2.5 nM HHL was added to the agar but was not affected by either 10 nM HHL or 2.5 nM OHL (Table 4) .
Previously, cepI and cepR mutants were shown to have severely impaired swarming motility. K56-2cciI, K56-I2 (cepI), and K56-2cepI cciIa had significantly less swarming motility than the parent strain (Table 2) (P Ͻ 0.01, ANOVA), indicating that AHL production is essential for maximal swarming motility in K56-2. The zones of swarming motility for K56-I2 (cepI) and K56-2cciI were increased to parental levels when their respective mutations were complemented with the genes in trans. When the cciI gene was introduced into K56-I2 (cepI) the swarming motility phenotype was not restored; however, when cepI was introduced into K56-2cciI the zone of swarming increased to parental levels ( Table 3 ). The zone of swarming motility for K56-2cepI cciIa was only fully complemented when cepI was present in trans ( Table 3) .
The cepR mutant, K56-R2, and K56-2cepR cciIR also exhibited significantly less swarming motility than the parent strain (P Ͻ 0.01; ANOVA) ( Table 2) ; however, the abilities of K56-2cciR (Table 2 ) and K56-2cciI cciR (data not shown) to swarm were not altered. These data confirm that AHL production is essential for maximal swarming motility, as K56-R2 (cepR) and K56-2cepR cciIR do not produce significant amounts of AHLs, whereas K56-2cciR produces parental AHL levels (Fig. 1D) .
The role of cciIR in the regulation of ornibactin production was monitored using a quantitative CAS assay (Fig. 6 ). There was little difference in the amount of CAS activity present in culture supernatants with the exception of K56-I2 (cepI), which has previously been shown to produce more ornibactin (23) , and K56-2cepI cciIa, which had no CAS activity. Attempts to complement CAS activity in K56-2cepI cciIa with either cciI or cepI in trans were unsuccessful (data not shown). Therefore a second cepI cciI mutant was constructed (designated K56-2cepI cciIb). This mutant had parental levels of CAS activity (Fig. 6) , suggesting that K56-2cepI cciIa has a secondary mutation that affects ornibactin biosynthesis. K56-2cepI cciIb and cepI cciIa have the same protease and swarming phenotypes (data not shown). These data, together with the complementation data in Table 3 , confirm that both cepI and cciI influence protease production and swarming motility, but only cepI influences ornibactin biosynthesis. FIG. 6 . Effect of cepIR and cciIR mutations on ornibactin biosynthesis in B. cenocepacia K56-2. Cultures were grown in succinate medium supplemented with 10 mM ornithine for 40 h. Spent supernatants were added to the CAS dye complex, and the activity was evaluated by absorbance at 630 nm. The readings were normalized by culture turbidity (absorbance at 600 nm). The values shown are the average Ϯ SD for three replicate cultures and are representative of three independent experiments. K56-I2(cepI) and K56-2cepI cciIa had significantly different CAS activity than the parent K56-2 (P Ͻ 0.01, ANOVA). 
DISCUSSION
The cciIR quorum-sensing system associated with epidemic strains of B. cenocepacia is involved in the regulation of known virulence factors and is a part of a regulatory network with the cepIR quorum-sensing system, since CepR is required for cciIR expression. Phylogenetic analysis demonstrated that the cepIR and cciIR systems are highly distinct. The cepIR system that is widely distributed among the Bcc was predicted to be the ancestral system, whereas the cciIR system was likely acquired by horizontal gene transfer when cci was incorporated into the B. cenocepacia genome. The presence of an ancestral and a more-recently acquired AHL-dependent quorum-sensing system has been observed in other species. The P. aeruginosa lasIR system is considered to be the ancestral system, and the rhlIR system is considered to be more recently acquired (22) . The rhlIR system has been incorporated into the regulatory pathway of the lasIR system and is dependent on the lasIR system for expression (21, 34) . Both of these pathways have been shown to be involved in the virulence of the organism in a variety of infection models (43) , and it is believed that the acquisition of the rhlIR system has aided P. aeruginosa in honing regulation of virulence traits during evolution (22) .
In the current study, transcriptional analysis of cciIR in the presence and absence of functional CepR and phenotypic characterization of double AHL synthase and response regulator mutants demonstrated that the B. cenocepacia cciIR system has been incorporated into the cepIR regulatory network. The predicted cciIR promoter region does not contain a cepR binding box similar to the lux-type consensus sequence identified upstream of cepI by Lewenza et al. (23) . The delayed initiation of cciIR expression compared to the expression observed for cepI and cepR in the wild type (Fig. 4) is consistent with the observation that active CepR is required for expression of cciIR. The lack of AHL production by K56-R2 (cepR) (Fig. 1D ) also confirms that CepR is required for the expression of cciIR. Since both the cepIR and cciIR systems have been shown to be involved in the virulence of B. cenocepacia (4, 46) and B. cenocepacia strains that possess the cci are often associated with transmissibility and increased severity of clinical outcome (4), the evolution of the cepIR and cciIR quorumsensing regulatory network may contribute to the invasiveness and transmissibility observed with B. cenocepacia.
Pathogenicity islands tend to contain genes encoding regulatory elements (16) . These regulatory elements can be specific for genes encoded on the pathogenicity island and may also regulate genes in the rest of the genome. As well, regulatory systems encoded on pathogenicity islands may be regulated by systems encoded outside of the genomic region. Each of these regulatory arrangements is observed with the cciIR quorumsensing system. The cciIR system was shown to be involved in negative self-regulation as well as positive regulation of the zmpA gene, which is not located within the cci. The cepIR quorum-sensing system is involved in the positive regulation of the cciIR quorum-sensing system. There are most likely additional regulatory genes involved in the cepIR hierarchy in epidemic strains of B. cenocepacia. Three regulators of the H111 cepIR quorum-sensing system (yciR, suhB, and yciL) have been identified and are postulated to influence cepIR by posttranscriptional control of cepR expression or by affecting the activity status of the response regulator (19) . It is yet to be determined if these regulatory elements are also involved in the quorum-sensing cascade of K56-2.
The B. cenocepacia genome sequence (http://www.sanger .ac.uk/Projects/B_cenocepacia/) contains one other open reading frame with homology to luxR response regulators that may also be involved in the quorum-sensing cascade of K56-2. This luxR homologue is without a proximal luxI homologue. The LuxR homologue contains both a predicted AHL binding domain and a DNA binding motif typical of LuxR response regulators (data not shown) and is 38% identical to SolR of Ralstonia solanacearum (accession no. NP-521406) (37), 37% identical to BviR of B. vietnamiensis (accession no. AAK35156) (27) , and 36% identical to B. cenocepacia CepR (accession no. AF019654.1) (23). This LuxR homologue could be involved in gene regulation employing the AHLs produced by CepI and CciI. B. pseudomallei possesses at least three sets of luxIR homologues, pmlIR, bpmIR2, and bpmIR3, and two additional luxR homologues, bpmR4 and bpmR5 (51, 54). Ulrich et al. (51) demonstrated that each gene of the B. pseudomallei quorum-sensing network is involved in animal pathogenicity. Although the AHL specificity of each of the LuxR homologues has yet to be determined, it is conceivable that BpmR4 and BpmR5 employ the AHLs produced by the three AHL synthases in order to regulate virulence gene expression.
The cciIR system regulates protease production and swarming motility. The hyperproduction of protease by K56-2cciI was surprising, since cciI positively influences zmpA expression. Corbett et al. (6) showed that a zmpA mutant of K56-2 produce very little protease activity in the skim milk agar assay. The decrease in protease production observed for K56-2cciR is most likely due to the decrease in zmpA expression in this mutant. The predicted result for the absence of functional CciI would also be a decrease in protease production. The most plausible explanation for the observed increase in protease production is that cciI is involved in the negative regulation of an additional, uncharacterized protease, or that cciI is involved in the regulation of a regulator of a protease gene and the disruption of cciI affected downstream events in a regulatory cascade resulting in the unexpected phenotype.
Our data demonstrate that cciIR is involved in the positive regulation of swarming motility through the production of AHLs by CciI. The regulation of swarming motility by quorumsensing systems is believed to allow optimal dissemination of the bacteria when the population is saturating a particular niche and may allow bacteria to progress from local infection sites to other organs (49, 58) .
The phenotypes of the cciI and cciR mutants differed with respect to AHL production, protease activity, and swarming motility, although transcriptional analysis of zmpA suggests that the cciIR system operates as a unit to positively regulate the expression of zmpA (Fig. 5) . Presumably, both CepR and CciR respond to HHL and OHL, as their cognate AHL synthases produce these signaling molecules. The difference in phenotypes of K56-2cciR and K56-2cciI could be due to the parental levels of AHLs produced by K56-2cciR (Fig. 1D ) compared to K56-2cciI, which produces less HHL (Fig. 1B) . The expected decrease in HHL production in K56-2cciIR is likely compensated by the absence of negative regulation of cepI by CciR.
Both CciI and CepI are responsible for production of the same AHLs; however, the ratios of HHL to OHL production by the two synthases are different. The quantity of each AHL present appears to be critical, as K56-2cepI cciIa required more HHL to restore protease production to parental levels than K56-I2 (cepI), which produces minor amounts of HHL (Table  4) . Protease activity in the K56-2cciI mutant was only reduced by the addition of HHL to the medium and not OHL. The AHL synthases cepI and cciI are not redundant, since cciI did not restore protease activity or the swarming phenotype in the cepI mutant (Table 3) , and both cepI and cciI mutants are reduced in virulence (4, 46) .
B. thailendensis, B. mallei, B. pseudomallei, and B. vietnamiensis possess multiple luxIR quorum-sensing systems (27, (51) (52) (53) . The regulatory relationships, if any, between these systems have yet to be described. There is a diversity of signals produced by Burkholderia AHL synthases. B. pseudomallei PmlI, BpmI2, and BpmI3 have been shown to direct the synthesis of OHL, N-decanoyl-L-homoserine lactone (DHL), N-(3-hydroxyoctanoyl)-L-homoserine lactone (3-hydroxy-OHL), and N-(3-hydroxydecanoyl)-L-homoserine lactone (3-hydroxy-DHL) (51, 54) . B. pseudomallei BpmI2 and BpmI3 direct the synthesis of N-(3-oxotetradecanoyl)-L-homoserine lactone (51) . B. thailandensis BtaI1, BtaI2, and BtaI3 are responsible for the production of OHL, DHL, and HHL, respectively (53) . B. mallei BmaI1 and BmaI3 produce OHL, DHL, and 3-hydroxy-OHL and OHL, DHL, and 3-hydroxy-DHL, respectively (52) . B. vietnamiensis possesses the cepIR and bviIR systems (9) . BviI synthesizes HHL, OHL, DHL, and N-dodecanoyl-homoserine lactone (5, 27) . The phenotypes regulated by the AHL-mediated quorum-sensing systems vary among different Burkholderia species, but in the pathogenic species, B. cenocepacia, B. mallei, and B. pseudomallei, these systems have been shown to contribute to virulence (46, 51, 52, 54) . Further studies are needed to determine the specific role of these quorum-sensing systems in the regulation of virulence factors.
